Introduction {#s1}
============

Stroke is one of the leading causes of disability and mortality in the ageing population worldwide.[@R1] Ischaemia or hypoxic brain injury often results in irreversible brain damage, mediated by multiple mechanisms including oxidative stress, inflammatory response, apoptosis, neuronal death, etc.[@R2] Priapism is a persistent, painful penile erection, which can last for hours in the absence of sexual stimulation. It is found in 40% of patients with sickle cell disease, because of impaired drainage of the corpora cavernosa.[@R5] [@R6] Priapism often leads to erectile tissue fibrosis and ultimately results in erectile dysfunction.[@R7] Several research groups studied the molecular mechanisms of priapism to obtain a better understanding of this disorder both experimentally and clinically. They found that opiorphin-induced priapism involves the activation of the polyamine synthetic pathway.[@R8] Increased adenosine also contributes to penile fibrosis.[@R9] Brain ischaemia-induced priapism is not well understood. Till now there are only a few case reports on brain injury induced priapism in clinic. Takaku *et al*[@R10] reported a 35-year-old man had three attacks of subarachnoid haemorrhage in three consecutive years and suffered priapism with intolerable pain after the last attack of subarachnoid haemorrhage. Monga *et al*[@R11] reported a 53-year-old man with an old temporal lobe infarction involving the anteromedial basal portion increase in libido and coital frequency with a tendency towards priapism. However, there is no animal model to mimic clinical priapism at present. In our group, we have consistently established middle cerebral artery occlusion (MCAO) models in mice as a stroke model.[@R12] In this study, we report our observation that permanent MCAO (pMCAO) can induce priapism in adult mice. We explored the causative relationship between focal cerebral ischaemia and priapism occurrence. Priapism may serve as an indication for severe stroke damage in animal models.

Materials and methods {#s2}
=====================

Animal stroke model {#s2a}
-------------------

Animal procedures for the use of laboratory animals were approved by the Institutional Animal Care and Use Committee of Shanghai Jiao Tong University. Twenty-four adult male CD-1 mice (Shanghai SLAC Laboratory Animal CO) weighing 25--32 g were used. Focal cerebral ischaemia was conducted by pMCAO using the suture model as described previously.[@R17] Briefly, mice were anaesthetised with 4% isoflurane and maintained with 1.5% isoflurane in an oxygen/air mixture using a gas anaesthesia mask in a stereotaxic frame (RWD Life Science, Shenzhen, China) and the body temperature was maintained at 37°C by using a heating pad (RWD Life Science, Shenzhen, China). A midline incision was made on the neck under an operating microscope (Leica, Germany). External carotid artery (ECA), common carotid artery (CCA) and internal carotid artery (ICA) were isolated. After temporarily clamping the CCA, a 6--0 silicon-coated round-tip monofilament nylon suture was introduced into the ICA through the ECA until slight resistance was felt, indicating a complete middle cerebral artery (MCA) occlusion. Then cerebral blood flow was measured by laser Doppler flowmetry (Moor Instruments, UK) to confirm a successful MCA occlusion that has regional blood flow of \<15% of baseline blood flow.

TTC staining and H&E staining {#s2b}
-----------------------------

After sacrificing the animals, the brains were sectioned with brain matrix, and stained with a 2% solution of 2,3,5-triphenyltetrazolium (TTC) dye (Sigma, T8877--100G) at room temperature for 20 min as described previously.[@R18] Then stained sections were immersed in 4% phosphate-buffered paraformaldehyde and imaged with a digital camera. The infarct area was measured as previously described.[@R19] Then the brains were embedded in paraffin. Coronal sections were processed and stained with H&E (Beyotime Institute of Biotechnology). Using NIH Image 1.63 software, the ischaemic lesion area was calculated as the difference between the area of the non-ischaemic hemisphere and the normal area in the ischaemic hemisphere. Infarct volume was calculated by multiplying the infarct area by the thickness of the section.

Priapism recording {#s2c}
------------------

The mice were observed every day after the pMCAO procedure. The time of priapism occurrence and the recovery of flaccidity (disappearance of priapism) were both recorded. Photographs were taken using a Canon digital camera (Canon EOS 450D).

Statistical analysis {#s2d}
--------------------

The values were given as mean±SE. The significance of difference was calculated by one-way analysis of variance, followed by Student-Newman-Keuls post hoc comparisons. p Values \<0.05 were considered significant.

Results {#s3}
=======

Priapism occurred in mice after pMCAO {#s3a}
-------------------------------------

We conducted pMCAO procedure in 24 mice and found priapism occurrence in 20 of these animals. After the surgery, the duration of priapism was recorded in nine mice up to 14 days (eight mice were sacrificed for TTC staining and seven mice died after the surgery). Six mice displayed sustained penile erection from the second day after pMCAO ([figure 1](#SVN2016000013F1){ref-type="fig"}). The erection began to be relieved from the 7th day to the 14th day postoperation ([table 1](#SVN2016000013TB1){ref-type="table"}).

###### 

A summary of priapism condition in nine mice after permanent middle cerebral artery occlusion (pMCAO)

  Number   Erection start (days)   Erection disappear (days)
  -------- ----------------------- ---------------------------
  1        2                       14
  2        2                       14
  3        2                       7
  4        /                       /
  5        /                       /
  6        1                       10
  7        2                       9
  8        /                       /
  9        1                       11

The first line means nine mice were recorded after pMCAO (number 1--9), the middle and the last line displayed when priapism had occurred and disappeared after surgery. '/' Indicates no priapism was observed.

![Adult mice were found to display priapism after permanent middle cerebral artery occlusion (pMCAO). Photographs showed that adult mouse did not get erection before pMCAO (A), or 1 day after pMCAO (B). Persistent erection started on the 2nd day (C), maintained through the 3rd (D) to the 13th day (N) and disappeared on the 14th day postoperation (O).](svn-2016-000013f01){#SVN2016000013F1}

The difference of brain infarct volume between priapism and non-priapism ischaemic mice {#s3b}
---------------------------------------------------------------------------------------

To compare brain infarct volume in the mice with and without priapism, the brain tissues were processed by TTC staining and H&E staining, and the infarct area was recorded, in parallel to animals with sham operation (no ischaemia and priapism). Mice after pMCAO had brain ischaemia as demonstrated by TTC staining **(**left and right columns of [figure 2](#SVN2016000013F2){ref-type="fig"}). However, the infract volume are significantly different in mice with priapism from those without priapism, consistent with H&E results ([figure 3](#SVN2016000013F3){ref-type="fig"}). We found that in the stroke mice with priapism, the infarct area was significantly larger than those displaying no priapism ([figure 4](#SVN2016000013F4){ref-type="fig"}). Furthermore, the specific infarct area was also different between them. In the ischaemic mice with priapism, the hippocampus and hypothalamus were damaged by ischaemia; however, in the non-priapism mice with ischaemia, the hippocampus area and the hypothalamus area were normal ([figures 2](#SVN2016000013F2){ref-type="fig"} and [3](#SVN2016000013F3){ref-type="fig"}).

![Priapism closely correlated with infarct area. Photographs showed that the sham group did not get priapism and infarct in the brain (middle column, B--K); ischaemic mice that also displayed priapism were found to have extensive infarct affecting both hypothalamus (arrowhead) and hippocampus (arrow) areas (right column, C--L); in contrast, ischaemic mice that did not display priapism were found to have non-infarct hypothalamus and hippocampus areas (left column, A--J). All mice were sacrificed 3 days after permanent middle cerebral artery occlusion, n=4 for each group.](svn-2016-000013f02){#SVN2016000013F2}

![Priapism occurrence was related with different infarct area. H&E staining showed that the sham group did not show priapism, and the nuclei of cells in these brains were normal (B and E); in the group of ischaemic mice with priapism (C and F), the nuclei of the cells in the hippocampus (arrow head) and hypothalamus (white arrow) displayed shrinkage; however, in the group of ischaemic mice without priapism (A and D), the hippocampus (arrowhead) and hypothalamus (white arrow) showed normal nuclei size; photographs A, C, D, F were taken from a, c, d and f, respectively. Bar=20 µm, n=4 for each group.](svn-2016-000013f03){#SVN2016000013F3}

![The infarct volume was significantly larger in stroke mice with priapism than those without priapism. Bar graph showed significant difference of infarct volume between the stroke priapism mice and stroke non-priapism mice. \*\*p\<0.01, n=4 for each group.](svn-2016-000013f04){#SVN2016000013F4}

Discussion {#s4}
==========

In this study, we demonstrated that: (1) pMCAO could induce a high occurrence of priapism in mice (80%); (2) ischaemia-induced erection often occurs 2 days after pMCAO (67%) and disappears between the 7th and 14th day after pMCAO; and (3) hypothalamus and hippocampus damage may contribute to the occurrence of priapism. Our data suggested that cerebral ischaemia is closely related with priapism occurrence.

Priapism is defined as prolonged penile erection without sexual stimulation, and it often induces irreversible damage to erectile tissues and results in erection dysfunction. To the best of our knowledge, we first reported that pMCAO can induce priapism in rodents in this study. Our data showed that most ischaemic mice displayed priapism 2 days after pMCAO, and the detumescence time varied from the 7th day to the 14th day. As our TTC staining result revealed, there were some differences between the two groups (with and without priapism in stroke mice). The infarct volume in the mice with priapism was much larger, and the infarct area included the hypothalamus and hippocampus. However, these areas in the non-priapism mice were normal, suggesting that priapism is closely related to the lesion site of stroke, especially related to hippocampus and hypothalamus. We propose these differences are caused by posterior communicating artery (PComA) variation, which supplies blood to the hippocampus and hypothalamus regions.[@R20] Our results might also indicate that hypothalamus and hippocampus injury are responsible for priapism. Indeed, these results are consistent with some previous studies. Some researchers have demonstrated that stimulation of brain can induce penile erection, and hippocampus and hypothalamus are important erection mediators.[@R21] Melis *et al*[@R22] reported that microinjection of oxytocin into the paraventricular nucleus of the hypothalamus or into the CA1 field of the hippocampus induced penile erection in male rats. Arrow suggested that penile erection was associated with brain region activation, including the claustrum, left caudate and putamen, right middle occipital/middle temporal gyri, bilateral cingulated gyrus, right sensorimotor, premotor regions and right hypothalamus.[@R23] Other studies showed that anaesthesia could also induce priapism. For instance, Senthilkumaran *et al*[@R24] reported that propofol induced priapism in a 25-year-old man, Ravindran *et al*[@R25] reported two cases of priapism induced by 0.5% mg/kg ketamine and 1.5 mg of physostigmine. However, in these clinical cases, the reasons why priapism responds to anaesthesia are not explored.

To further investigate the association between the brain region and priapism, functional MRI may be required in follow-up studies. Besides the damage to the specific brain region, we suggest that priapism can be related to some chemicals induced by stroke, such as nitric oxide (NO), adenosine and so on. These chemicals are closely related with stroke, and they also play important roles in erection. NO is reported to be an important factor in stroke[@R26] and penile erection.[@R27] It is closely associated with stroke and shows beneficial actions,[@R28] including enhancing angiogenesis via the synthesis of vascular endothelial growth factor and cyclic guanosine monophosphate after stroke.[@R29] NO is also an important mediator in penile erection. Azadzoi *et al*[@R30] stated that neuronal nitric oxide synthase (nNOS), endothelial nitric oxide synthase (eNOS) and inducible nitric oxide synthase (iNOS) levels in cavernosum were upregulated after atherosclerosis-induced ischaemia, and NO-mediated smooth muscle relaxation in a rabbit. However, we peritoneally injected the NOS inhibitor LNMMA (Beyotime, S0011) into the stroke mice, priapism did not disappear (data not shown). We cannot fully exclude the possible involvement of NO in causing priapism by this simple inhibitor study though. Further experiments are needed to clarify its role in the phenomenon reported here. Adenosine is an inhibitory modulator of brain activity with neuroprotective properties,[@R31] and recent studies have reported that adenosine contributed to animal priapism.[@R9] Intracavernous injection of adenosine resulted in tumescence and penile erection.[@R32] Adenosine accumulated in the penis coupled with its receptor A2BR, contributed to priapism,[@R33] and ophylline, an adenosine receptor antagonist, inhibited adenosine-induced penile tumescence.[@R34] However, whether adenosine is a potential agent which mediates both stroke and priapism needs to be further discussed. Recent studies showed that in corpus cavernosum ischaemia-reperfusion mouse, many oxidative injury parameters like superoxide dismutase (SOD), catalase, malondialdehyde (MDA) and NO in the tissues were all upregulated, and melatonin, which also played neuroprotective actions in stroke,[@R35] could attenuate the activity of SOD and the levels of MDA and NO.[@R36] These conclusions strongly suggested that melatonin may be involved in the stroke-induced priapism pathway. If these chemicals are indeed associated with stroke and priapism, drugs used to cure priapism may also interfere in signalling pathways in stroke and some of them could possibly show beneficial effects to the ischaemic brain. This line of study might also be worth exploring.

In conclusion, this investigation has demonstrated the correlation between stroke and priapism. Most mice got sustained erection after pMCAO though their hypothalamus and hippocampus area were damaged. It is conceivable that priapism may serve as a physiological marker for adult stroke mouse. Since the patency of PComA plays an important role in the infarct results of the murine pMCAO models,[@R37] an effective evaluation method is urgently needed to reduce the fluctuation of the infarct area among different individual animals.[@R38] It is likely that we can use priapism as a physiological marker to identify stable pMCAO models more conveniently, which may facilitate the study of stroke.

Conclusion {#s5}
==========

Our study demonstrated that the occurrence of priapism is related to the infarct region: priapism is found only in mice with ischaemic injury extending to the hypothalamus and the hippocampus regions. Our results suggested priapism may be used as a deep brain injury marker for evaluating brain injury in mice after pMCAO.
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